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ABSTRACT 


Very  Low-Pressure  Pyrolysis  studies  of  2,4-dinitrotoluene 


decomposition  resulted  in  decomposition  rates  consistent  with  logl^k/s^jJ  “ 

12.1  -  43.9/2.3  RT.  These  results  support  the  conclusion  that  previously 
V 

reported  ‘'anomalously  low  Arrhenius  parameters  for  the  homogeneous  gas- 
phase  decomposition  of  ortho-nitrotoluenes  actually  represent  surface- 
catalyzed  reactions.  Preliminary  qualitative  results  for  pyrolysis  of 
ortho-nitrotoluene  in  the  absence  of  hot  reactor  walls,  using  the  Laser- 
Powered  Homogeneous  Pyrolysis  technique  (LPHP),  provide  further  support  for 
this  conclusion:  only  products  resulting  from  Ph-NOy  bond  scission  were 
observed;  no  products  indicating  complex  Intramolecular  oxidation-reduction 
or  elimination  processes  could  be  detected.  The  LPHP  technique  was 
successfully  modified  to  use  a  pulsed  laser  and  a  heated  flow  system,  so 
that  the  technique  becomes  suitable  for  study  of  surface-sensitive,  low 
vapor  pressure  substrates  such  as  TNT.  The  validity  and  accuracy  of  the 
technique  was  demonstrated  by  applying  it  to  the  decomposition  of 
substances  whose  Arrhenius  parameters  for  decomposition  were  already  well 
known.  IR-f luorescence  measurements  show  that  the  temperature-space-time 
behavior  under  the  present  LPHP  conditions  is  in  agreement  with 
expectations  and  with  requirements  which  must  be  met  if  the  method  is  to 
have  quantitative  validity.  LPHP  studies  of  azolsopropane  decomposition  , 
chosen  as  a  radical-forming  test  reaction,  show  the  accepted  literature 
parameters  to  be  substantially  in  error  and  indicate  that  the  correct 
values  are  in  all  probability  much  closer  to  those  measured  in  this  work: 
log  tk/s"1 ]  -  13.9  -  41.2/2.3  RT.  ^ 
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INTRODUCTION 


This  report  describes  the  results  of  a  study  whose  ultimate  objective 
is  to  elucidate  the  nature  of  the  initial  chemical  steps  in  the  gas-phase 
homogeneous  decomposition  of  2,4,6-trinitrotoluene  and  other  nitro- 
aromatics.  The  specific  objectives  for  the  phase  of  the  work  reported  here 
were  to  adapt  LPHF  for  use  with  a  pulsed  laser  and  a  heated  flow  system  so 
that  the  requirements  imposed  by  low  vapor  pressure,  surface-sensitive, 
radical-forming  substrates  could  be  met.  This  specific  objective  Included 
the  measurement  of  temperature  in  the  laser-heated  zone  by  spectroscopic 
and  chemical  techniques  as  a  function  of  a  number  of  variables,  in  order  to 
ascertain  whether  molecules  used  as  substrates  and  temperature  standards 
reach  the  same  temperature  for  the  same'  time,  and  whether  this  temperature 
is  sufficiently  constant  as  a  function  of  time  and  space  to  ensure  accurate 
and  precise  measurement  of  Arrhenius  parameters  for  thermal 
decomposition.  As  the  report  describes,  the  specific  objectives  have  been 
fully  achieved.  This  means  that,  although  the  ultimate  objective  of 
elucidating  the  homogeneous  gas-pha.se  decomposition  chemistry  of  TNT  has 
not  yet  been  fully  reached  in  this  work,  the  technique  necessary  to  do  so 
has  been  developed  and  tested. 


During  the  same  period,  progress  has  been  made  by  other  researchers  in 
understanding  certain  aspects  of  TNT  decomposition,  but  the  difficulties 
adhering  to  the  general  decomposition  behavior  of  explosives  and  to  the 
particular  characteristics  of  TNT  have  prevented  answering,  by  any 
technique,  the  particular  questions  addressed  by  this  work.  Thus, 
knowledge  of  the  chemical  behavior  of  Isolated  gas-phase  TNT  molecules  as  a 
basis  for  understanding  not  only  how,  but  also  why,  TNT  behaves  as  it  does 
during  condensed-phase  decomposition  has  yet  to  be  obtained. 
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SUMMARY  OF  RESULTS 


The  results  of  this  work  are  described,  in  significant  part,  in  two 
papers:  one  published  in  the  Journal  of  Physical  Chemistry  and  one  just 
accepted  by  that  journal.  These  papers,  as  Appendices  A  and  B, 
respectively,  constitute  the  major  part  of  this  report.  The  body  of  the 
report  is  limited  to  a  summary  of  the  results  reported  in  the  two  papers 
and  a  description  of  other  results  not  included  in  them.  The  work  and 
conclusions  reached,  as  described  in  the  next  section  and  in  the 
appendices,  include  the  following: 

(1)  Confirmation  through  Very  Low-Pressure  Pyrolysis  (VLPP)  studies 
that  the  low  temperature,  "gas-phase"  rate  parameters  previously 
reported  for  ortho-nitrotoluenes1  are  real:  the  "low"  Arrhenius 
parameters  almost  certainly  are  not  caused  either  by  systematic 
errors  or  by  rate  control  exerted  by  secondary  reactions. 

(2)  Support  from  these  VLPP  studies  for  the  conclusion  that  some 
previous  kinetic  studies  of  ortho-nitrotoluene  decomposition  in 
which  Intramolecular  oxidation-reduction  processes  were  observed 
under  nominal  gas-phase  conditions  had,  in  all  probability, 
provided  conditions  where  reaction  was  primarily  by  surface- 
catalyzed  reactions. 

(3)  Preliminary  qualitative  evidence  from  the  LPHP  technique  (static 
system)  that  no  intramolecular  oxidation-reduction  products  are 
formed  when  the  decomposition  of  ortho-nitrotoluene  is  carried  out 
under  conditions  where  there  can  be  no  catalysis  of  decomposition 
by  hot  reactor  walls. 

(A)  Successful  modification  of  the  LPHP  technique  to  use  a  pulsed 

laser  and  a  flow  system,  making  the  method  suitable  for  study  of 
surface-sensitive,  low  vapor  pressure  substances  such  as  TNT. 
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(5)  Successful  LPHP  reproduction  of  well-documented  Arrhenius 
parameters  for  "test”  substrates  which  decompose  by 
straightforward  molecular  elimination  reactions.  This 
demonstrates  that: 

(a)  Temperature  accommodation  Is  sufficiently  rapid  and  equal  for 
different  substrates  that  they  reach  the  same  temperature  for 
the  same  time  period. 

(b)  The  comparative-rate  technique  for  measuring  the  temperature 
dependence  of  reaction  rates  is  so  successful  at 
accommodating  the  temperature-space-time  inhomogeneities 
known  to  exist  under  the  laser  heating  conditions  that  the 
activation  parameters  can  be  measured  with  no  more  than  a  few 
percent  error. 

(6)  Demonstration  by  IR-f luorescence  measurements  that  (1)  the  LPHP 
temperature-space-time  behavior  is  in  qualitative  agreement  with 
general  expectations  and  in  fair  quantitative  agreement  with 
acoustic  wave  calculations  performed  for  a  simplified  model,  and 
(2)  that  temperature-space-time  inhomogeneitles  can  readily  be 
made  less  significant  than  variations  which  can  be  accommodated  by 
the  comparative-rate  technique  used  in  this  modification  of  LPHP. 

(7)  Demonstration,  through  a  study  of  azoisopropane  decomposition, 
that  the  currently  used,  gas-chromatographlcally  monitored,  flow 
system  LPHP  technique  is  suitable  also  for  the  more  difficult  case 
of  radical-forming  reactions.  This  study  (1)  revealed  that  the 
Arrhenius  parameters  "accepted"  in  the  literature  for  the 
azolsopropane  test  substrate2  were  substantially  in  error  and  (2) 
served  to  reconcile  classes  of  kinetic  data  for  this  substrate 
that  were  previously  incompatible. 


VERY  LOW-PRESSURE  PYROLYSIS  OF  2,4-DINITROTOLUENB 


In  addition  to  work  performed  as  described  in  the  appendices,  we 
obtained  the  following  results  from  Very  Low-Pressure  Pyrolysis  studies  of 
2,4-dlnitrotoluene  decomposition.  In  brief,  these  results  indicated  that 
surface-catalyzed  reactions  were,  in  this  case,  unavoidable  under  the 
higher  gas-wall  collision  frequency  conditions  of  VLPP.  They  also 
supported,  but  did  not  prove,  our  previous  speculation  that  the  low 
Arrhenius  parameters  and  'anomalous*  products  which  had  been  reported  for 
the  gas-phase  decomposition  of  ortho-nit rotoluene  (including  TNT)  were 
really  caused  by  surface-catalyzed  reactions.  These  results,  discussed 
below  in  more  detail,  led  to  our  choice  of  Laser-Powered  Homogeneous 
Pyrolysis^  as  an  attractive  method  for  studying  the  homogeneous  gas-phase 
decomposition  of  nitroaromatlcs  and  other  surface-sensitive  substrates 
under  conditions  where  there  is  no  contact  between  substrate  molecules  and 
hot  reactor  walls.  The  use  of  LPHP  in  a  static  system  for  qualitative 
studies  of  nitrobenzene  and  ortho-nitrotoluene  decomposition,  and  the 
subsequent  modification  of  LPHP  which  utilizes  a  pulsed  laser  and  a  heated 
flow  system  and  is  thereby  suitable  for  use  with  low  vapor  pressure 
substrates,  are  described  in  detail  in  Appendices  A  and  B. 

The  vapor-phase  decomposition  of  2,4-dlnltrotoluene  (ONT)  was  studied 
in  a  VLPP  system  equipped  with  a  heated  inlet  line  and  a  variable  aperture 
reactor  very  similar  to  the  one  shown  in  Figure  I.  This  technique  has  been 
described  in  detail  previously. 4  its  principal  advantage  for  study  of  the 
initial  steps  of  complex  decomposition  processes  is  that  at  very  low 
pressures  most  products  formed  in  initial  decomposition  steps  will  escape 
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FIGURE  1  VARIABLE  APERTURE  VERY  LOW-PRESSURE  PYROLYSIS  REACTOR 
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from  che  reactor  Co  Che  detection  system  before  chey  undergo  many  gas-gas 
collisions  and  thus  before  they  have  any  chance  to  undergo  secondary 
reactions.  Furthermore,  the  molecular-beam,  mass  spectrometrlc  detection 
system  generally  enables  identification  of  initial  products  (e.g. , 
radicals)  under  conditions  where  they  make  no  collisions  with,  and 
therefore  undergo  no  secondary  reactions  on,  the  metal  walls  of  the  mass 
spectrometer  chamber.  As  will  be  seen  below,  while  these  are  indeed 
advantages  of  the  VLPP  method,  they  are  useful  for  studying  homogeneous 
decomposition  processes  only  when  heterogeneous  (i.e.,  surface-catalyzed) 
reactions  in  the  heated  reactor  can  be  avoided. 

Figure  2  shows  the  measured  rates  of  dinitrotoluene  decomposition  as  a 
function  of  temperature  with  four  different  reactor  wall  coatings.  The 
solid  lines  represent  rates  corresponding  to  the  sets  of  "high”  and  "low" 
Arrhenius  parameters  indicated  in  the  figure,  where  the  extent  of  fall-off 
has  been  estimated  by  the  RRK  procedure.^  The  data  are  consistent  with  the 
rate  parameters  log  k/sec~*  ■  12.1  -  43.9/2.3  RT,  but  are  clearly  not 
consistent  with  log  k  “  17.0  -  70/2.3  T,  values  which  would  have  been 
Indicative  of  unimolecular  scission  of  the  Ph-NC>2  bond.^  Within  the 
scatter  of  the  data,  changing  the  reactor  surface  from  a  "normally  aged"  to 
a  freshly  cleaned  (O2  at  800*C  for  2  hours),  to  an  intentionally  carbon- 
coated  (1 ,5-hexadiene  pyrolysis  at  850®C),  or  to  a  gold-coated  surface, 
has  little  effect.  Although  the  observation  of  similar  reaction  rates  for 
different  surfaces  is  often  taken  as  evidence  that  surface-catalyzed 
reactions  are  unimportant,  that  conclusion  does  not  appear  to  be  justified 
in  this  case.  In  the  first  place,  an  A-f actor  of  10^*  *  sec-1  and  an 
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activation  energy  of  44  kcal/mol,  which  are  quite  consistent  with  the  ca. 
12.4  and  48  values  that  other  workers  have  reported  for  ortho-substituted 
nitrotoluenes,  cannot  be  associated  with  any  plausible  homogeneous  gas- 
phase  reaction  for  dinitrotoluene.  For  example,  the  hydroxyl  radical 
elimination  suggested  by  Matveev,  among  others,  is  far  too  endothermic  to 
account  for  the  observed  activation  energy,^  even  assuming  the 
nitrosobenzyl  radical  exhibits  an  unlikely  additional  10  kcal/mol  resonance 
stabilization  over  that  shown  by  benzyl  radical  Itself. 


•OH 


AH°300  £  70  kcal/mol 
The  more  thermodynamically  favored  products  which  have  actually  been 

recovered  as  ultimate  products^  require  a  degree  of  molecular 
rearrangement — transfer  of  two  hydrogens  to  nitrogen  and  two  oxygens 
tocarbon — that  is  without  precedent  as  a  fundamental  chemical  step  for  an 

g 

isolated  reactant  molecule. 


MeOH 


COO  Me 


(70%) 


Furthermore,  a  rough  mass  balance  shows  that  only  ~202  of  the  DNT 
decomposed  exits  the  reactor  to  the  detection  system,  the  remainder 
evidently  being  deposited  on  the  reactor  surface.  In  other  words,  some 
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surface  reactions  are  clearly  very  Important,  and  it  is  likely  that  the 
initial  decomposition  step  is  among  these.  Also,  rapid  deposition  of 
decomposition  products  on  the  reactor  surface  could  explain  why  the 
behavior  was  similar  with  all  types  of  surface  preparation:  the  character 
of  the  surface  quickly  became  that  of  DNT  products,  no  matter  what  coating 
had  been  initially  deposited. 

Thus,  all  indications  are  that  in  the  decompositon  of  2,4- 
dinitrotoluene  the  high  gas-wall  collision  frequency  of  VLPP  and  the 
proclivity  of  DNT  for  surface-catalyzed  reactions  make  the  VLPP  method 
unsuitable  for  studying  homgoeneous  gas-phase  processes  of  this  or  similar 
substrates.  This  is  in  contrast  to  many  other  substrates  where  surface 
contributions  were  either  not  observed  at  all  or  could  be  satisfactorily 
suppressed  with  the  appropriate  reactor-surface  treatments. ^  The 
similarity  of  the  parameters  observed  here  and  those  reported  by  other 
workers!  for  reaction  under  nominal  homogeneous  gas-phase  conditions 
further  supports  our  conclusion  that  there,  too,  surface-catalyzed 
reactions  were  Important. 

Although  a  technique  such  as  VLPP  might  ultimately  be  used  purposely 
to  study  wall-catalyzed  processes  of  DNT,  TNT,  or  similar  substrates,  our 
present  objective  is  to  learn  about  the  behavior  of  isolated  DNT  and  TNT 
molecules,  in  order  to  establish  a  base  of  information  on  which  an  Improved 
understanding  of  the  behavior  of  TNT  in  contact  with  solid  surfaces  and  in 
condensed  phases  can  be  developed.  These  initial  experiments  made  it 
obvious  that  if  the  use  of  low  substrate  partial  pressure  as  a  means  of 
eliminating  secondary  reactions  were  to  be  the  basis  of  a  viable  technique 
for  studying  the  homogeneous  gas-phase  reactions  of  nitrotoluenes,  it  was 
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necessary  to  eliminate  or  greatly  reduce  gas-wall  collisions.  Clearly,  it 
was  desirable  to  maintain  a  low  substrate  partial  pressure,  but  it  was  also 
necessary  to  raise  the  total  pressure  (for  example,  by  dilution  in  an  inert 
gas)  and  to  heat  the  substrate  by  other  means  than  contact  with  hot  walls. 

Among  the  possible  ways  to  meet  these  requirments,  one  of  those  most 
adaptable  to  low-vapor  pressure  substrates  appeared  to  be  rapid  heating  by 
an  infrared  laser.  Appendices  A  and  B  describe  such  a  technique.  Laser- 
Powered  Homogeneous  Pyrolysis  (LPHP).  Also  described  are  (1)  the  results 
of  preliminary,  qualitative  experiments  with  nltroaromatics  using  this 
technique,  (2)  the  modification  of  the  technique  to  meet  the  requirements 
for  precise  determination  of  rate  parameters  as  imposed  by  low  vapor 
pressure,  surface-sensitive,  radical-forming  substrates,  and  (3)  the 
demonstration  of  the  validity  and  accuracy  of  the  technique,  using  radical¬ 
forming  and  molecular  elimination  substrates  with  known  Arrhenius 
parameters.  Thus,  appendices  A  and  B  describe  the  development  and  testing 
of  a  technique  that  provides  the  capabilities  necessary  for  elucidation  of 
the  homogeneous  gas-phase  decomposition  chemistry  of  TNT  and  other 
energetic  materials. 
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Appendix  A 

LASER-POWERED  HOMOGENEOUS  PYROLYSIS 
OF  AROMATIC  NITRO  COMPOUNDS 
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Laser -Power  ad  Homogeneous  Pyrolysis  of  Aromatic 
NNro  Compounds 

PubMcttfor  cott*  **MM*0  by  th*  Army  Res  ircti  Office 

Sir  Recently  the  use  of  a  CW  infrared  laser  to  provide 
a  fully  equilibrated,  internally  heated,  isothermal  reaction 
technique  called  laser-powered  homogeneous  pyrolysis 
(LPHP)  has  been  successfully  demonstrated  on  a  number 
of  low-molecular- weight  model  substrates.1  This  technique 
utilizes  an  unreactive  bath  gas  to  absorb  the  infrared  ra¬ 
diation  and  to  transfer  this  energy  by  collision  with  the 
substrate.  The  pressures  are  maintained  sufficiently  high 
(typically  50-100  torr),  such  that  thermal  distribution  of 
energy  takes  place  faster  than  chemical  reaction,  and 
multiphoton  decomposition  is  avoided.  We  report  the 
application  of  a  variation  of  this  technique  to  a  type  of 
substrate  for  which  surface-catalyzed  reactions  are  so  facile 
that  gas-phase  decomposition,  which  was  demonstrably 
free  from  surface  contributions,  has  not  been  previously 
reported.2  The  results  of  initial,  qualitative  experiments 
indicate  that  reactions  previously  thought  to  have  been 
carried  out  under  conditions  which  precluded  surface- 
catalyzed  reactions2  were,  in  fact,  largely  heterogeneous. 

Sometime  ago.  Fields  and  Meyeroon  reported3  that  ni¬ 
trobenzene  pyrolyzed  in  a  packed  reactor  in  a  N2  carrier 
containing  excess  benzene  provided  products  correspond¬ 


ing  to  simple  cleavage  of  the  weakest  bond  in  the  molecule 
and  thus  expected  under  homogeneous  conditions  (eq  1). 
On  the  other  hand,  the  reaction  of  o-nitrotoluene  under 
the  same  conditions  provided  only  minor  amounts  of  bi¬ 
phenyl,  with  the  principal  product  being  aniline  (eq  2).3 

N02  NHj 

(of”'  JL  (q)  *  (gno)  <»> 

56%  19% 

These  results  led  the  authors  to  suggest  that  reaction  of 
the  ortho-substituted  nitrobenzene  took  place  by  way  of 
a  cyclic  transition  state.  Similarly,  Matveev  and  co- 
workers4  have  determined  Arrhenius  parameters  for  the 
homogeneous  gas-phase  decomposition  of  nitrobenzene  and 
meta-  and  para-substituted  nitrobenzenes  which  are  con¬ 
sistent  with  simple  cleavage  of  the  phenyl-N02  bond,  that 
is,  generally  having  Arrhenius  activation  energies  of  70  ± 
3  keal/mol  and  A  factors  of  10l70*°s  s'1.  However,'  for 
o-methyl-substituted  nitrobenzenes,  the  observed  decom¬ 
position  rates  provided  substantially  lower  Arrhenius  pa¬ 
rameters.  In  the  case  of  o-nitrotoluene,  they  report2  E  * 
49.5  ±  1.3  keal/mol  and  A  =  lo12-4*0-4  s'1. 

Since  these  parameters  were  determined  under  condi¬ 
tions2^  which  for  the  meta  and  para  isomers  were  sufficient 
to  totally  eliminate  surface-catalyzed  reactions,  the  authors 
came  to  the  conclusion  that  the  lowered  Arrhenius  pa¬ 
rameters  reflect  gas-phase  homogeneous  decomposition  by 
way  of  a  cyclic  transition  state  and  suggested  that  the 
initial  step  is  cyclic  elimination  of  OH  to  produce  a  sub¬ 
stituted  benzyl  radical  (eq  3).  Although  such  a  step  is 
plausible  on  steric  grounds,  the  estimated6  endothermicity 
of  70  ±  7  keal/mol,  plus  an  intrinsic  activation  energy  of 
at  least  20  keal/mol,  eliminate  this  sequence  from  con¬ 
sideration  as  an  important  homogeneous  gas-phase  process, 
let  alone  as  one  providing  an  Arrhenius  activation  energy 
of  leas  than  50  kcal/moL  The  net  reaction  (to  aniline  and 
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C02)  is  substantially  more  favored5  (A H0^  r~  -82  kcal/ 
mol),  but  the  transfer  of  four  atoms,  which  is  required  to 
produce  this  end  result,  seems  far  too  complex  to  take 
place  as  an  elementary  step.  On  the  other  hand,  since 
polynitroaromatics  are  a  class  of  compounds  useful  because 
their  decomposition  pathways  are  unlike  those  of  “normal" 
organic  compounds,  experimental  verification  of  this 
conclusion  and  elucidation  of  the  true  mechanism  are 
desirable.  Thus,  the  LPHP  technique  was  used  to  carry 
out  the  decomposition  of  nitrobenzene  and  ortho-substi¬ 
tuted  nitrobenzenes  under  conditions  which  preclude  all 
surface  reactions. 

The  pyrolysis  cell  was  Pyrex  cylinder  10  cm  x  2.2  cm 
diameter,  fitted  with  O-ring  sealed  KC1  windows.  The 
infrared  absorber  was  SF6.  The  partial  pressures  in  the 
cell  were  as  follows:  argon,  ~20  torr;  SF6,  10-20  torr; 
benzene,  2  torr;  and  nitrobenzene  or  o-niirotoluene,  ~0.2 
torr.  The  cell  was  maintained  at  ~70  °C  to  prevent  con¬ 
densation  of  the  substrates.  The  heat  source  was  a 
home-made  pulsed  C02  laser,  nominally  similar  to  one 
section  of  a  Lumonics  Model  203  laser.  When  tuned  to 
the  10.57-nm,  P(18)  line,  the  laser  provided  ~0.5  J/pulse. 
In  order  to  bring  about  significant  decomposition,  partial 
focusing  of  the  beam  (to  ~  1  cm)  was  required.  With  this 
beam  diameter,  the  fluence  was  ~0.6  J/cm2.  From  the 
fractional  decomposition  observed  (~l-4%  per  flash  in 
the  path  of  the  laser  beam),  and  a  probable  reaction  time 
of  ~20  ms  before  cooling  by  an  expansion  wave,6  the  re¬ 
action  temperature  can  be  estimated  to  be  between  1000 
and  1200  K.  Products  were  determined  by  gas  chroma¬ 
tographic  analysis  and  by  GC- MS. 

Pyrolysis  of  nitrobenzene  in  the  presence  of  excess 
benzene  yielded  biphenyl  as  the  principal  product,  con¬ 
sistent  with  the  results  of  Fields  and  Meyerson.3  However, 
pyrolysis  of  o-nitrotoluene  under  the  same  conditions 
yielded  principally  biphenyl  and  methylbiphenyl(s)  with 
no  aniline  or  other  products  indicative  of  an  internal  ox¬ 


idation-reduction  reaction.  GC-MS  analysis  would  have 
detected  aniline  at  a  level  corresponding  to  £1%  of  the 
biphenyl  yield.  Even  at  a  temperature  as  high  as  1200  K, 
the  70  kcal/mol  bond  scission  process  would  predominate 
over  the  surface-catalyzed,  low  activation  energy  process 
only  by  a  factor  of  2  or  3,  if  the  latter  were  accessible. 
Thus,  a  substrate  for  which  heterogeneous  reaction  had, 
under  all  previously  reported  conditions,  been  predomi¬ 
nant2  appears  to  react,  under  LPHP  conditions,  >99%  by 
a  homolytic  bond  scission  process. 

We  are  currently  in  the  process  of  using  chemical  and 
physical  (spectroscopic)  probes  to  determine  the  extent 
of  temperature  variation  within  the  laser-heated  region  as 
a  function  of  time  and  space  for  various  combinations  of 
absorber,  inert  collider  gas,  and  substrate.  If,  as  recent 
reports  might  suggest,6  conditions  which  minimize  these 
variations  are  readily  accessible,  then  LPHP  operated  with 
a  heated  flow  system  in  a  multiple  flash  mode  will  offer 
the  same  advantage  for  decomposition  rate  studies  as  the 
comparative  rate  shock  tube  technique,  but  be  applicable 
to  compounds  of  such  low  vapor  pressure  that  their  study 
by  the  shock  tube  technique  is  impractical. 
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ABSTRACT 

An  infrared  laser  is  used  as  a  "thermal  switch"  to  study  pyrolysis 
reactions  under  effectively  wall-less  conditions.  The  technique  has  been 
substantiated  with  both  chemical  (known  rate  constants)  and  physical 
(observation  of  Infrared  fluorescence  from  bath  gases)  calibrations. 

Accepted  values  for  Arrhenius  parameters  for  the  decomposition  of 
isobutyl  bromide,  isopropyl  acetate,  and  ethyl  acetate  have  jeen 
reproduced.  The  decomposition  of  Z.E'-azolsopropane  is  determined 
to  be  best  represented  by  the  expression  log  fk/s-1]  *  13.9  -  41.2/9; 

9  *>  2.303  RT/kcal  mole”1.  This  suggests  a  concerted  pathway  for  the 
decomposition,  in  contrast  to  some  previous  findings. 
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I  INTRODUCTION 


The  utility  of  various  types  of  lasers  as  a  means  of  rapidly  and 
selectively  exciting  substrate  molecules  is  well  recognized  and  has  been 
widely  exploited  in  recent  years.  Many  studies  of  energy  transfer  and 
disposition,  and  the  resulting  chemical  reactions,  which  were  not  before 
possible,  have  now  been  published.1  However,  relatively  little  effort 
seems  to  have  been  spent  on  the  use  of  lasers  as  heat  sources  in  the 
parameterization  of  normal  "thermal"  chemical  reactions  One  such 

application  where  Infrared  lasers  could  prove  extremely  valuable  is  in 
the  determination  of  activation  parameters  for  the  decomposition  of 
molecules  where  the  traditional  heating  by  a  hot -walled  vessel  is  inap¬ 
propriate  because  of  surface  sensitivity,  and  where  the  use  of  shock-tube 
techniques  is  made  difficult  by  low  substrate  volatility. 


We  describe  here  a  technique  which  will  enable  such  parameterlzations 
to  be  made  precisely  and  on  a  routine  basis.  This  technique,  called 
Laser-Powered-Homogeneous-Pyrolysi s  (LPHP)  is  a  modification  of  the  technique 
first  described  by  Shaub  and  Bauer3®  in  which  an  Infrared  laser  is  used 
to  heat  an  absorbing,  but  unreactive,  gas  which  .hen  collisionally  trans¬ 
fers  its  energy  to  the  reactive  substrate.  Under  these  conditions,  there 
is  no  surface  component  to  the  substrate  reaction,  since  the  walls  remain 
cold  relative  to  the  reaction  temperature.  Furthermore,  the  need  to 
explicitly  and  precisely  define  a  reaction  temperature  is  eliminated  by 
use  of  an  internal  standard,  a  substrate  whose  Arrhenius  parameters  are 
well  known,  in  a  procedure  exactly  analogous  to  the  comparative  rate 
single-pulse  shock-tube  technique.  3  The  technique  described  by  Shaub  and 
Bauer*a"b  utilized  a  cw  laser  and  a  static  cell  to  determine  the  Arrhenius 
parameters  for  a  number  of  high  vapor  pressure  substrates  which  undergo 
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molecular  elimination  reactions.  The  measured  parameters  agreed  within 
an  average  of  6%  with  previously  reported  values. 

The  modification  of  the  method  described  here  incorporates  a  (moderately) 
heated  flow  system  and  a  pulsed-lnf rared  laser  (Lumonics  K-103)  .  The  heated 
flow  system  makes  the  technique  suitable  for  study  of  substrates  having 
room  temperature  vapor  pressures  as  low  as  ~  K>~*  torr.  The  use  of  a 
laser  which  is  repeatedly  pulsed  for  very  short  periods  and  the  rapid 
expansion  wave  cooling  which  takes  place  after  each  pulse  facilitates 
the  operation  of  a  flow  system  under  "steady  state"  conditions  with 
relatively  high  reaction  temperatures.  Steady  state  refers  to  the  balance 
between  replenishment  and  decomposition.  These  conditions  in  turn  help 
to  minimize  secondary  reactions.  The  technique  was  applied  to  the  study 
of  three  molecular  elimination  processes  and  a  radical-forming  reaction. 

In  the  case  of  the  molecular  elimination  processes,  the  previously  reported 
parameters  have  been  reproduced;  for  azoi sopropane  (AIP)  pyrolysis,  the 
previously  "accepted"  parameters  can  now  be  seen  to  be  substantially  in 
error,  and  the  current  results  add  new  insight  to  the  classic  problem  of 
the  mechanism  azoalkane  decomposition. 


II  DESCRIPTION  OF  THE  TECHNIQUE 

Figure  1  shows  a  schematic  of  the  UHP  flow  system.  Typically,  a 
mixture  of  SFg  (infrared  absorber) ,  C03  (inert  collider) ,  temperature 
standard  (e.g.,  t-butyl  acetate),  and  substrate  flows  from  a  storage 
bulb  through  a  flow-controlling  valve,  through  parallel  temperature- 
controlled  reservoirs  where  split  streams  of  this  mixture  are  saturated 
with  scavenger  and  substrate  (if  the  substrate  has  a  low  vapor  pressure) . 
The  gas  mixture  then  flows  through  the  reaction  cell,  a  gas -chromatograph 
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sampling  valve,  a  second  needle  valve,  and  Into  a  vacuum  pump.  Total 
pressure  is  maintained  at  the  desired  level  by  adjustment  of  the  second 
needle  valve. 

In  operation,  flow  is  maintained  at  a  constant  level  until  steady 
state  is  reached,  and  then  the  laser  is  fired  at  a  constant  repetition 
rate  (typically,  0.25  Hz)  until  a  new  steady  state  of  product(s)  and 
undecomposed  substrate  is  attained.  The  duration  of  the  laser  pulse  is 
~  1  M>sec ;  substrate  heating  takes  place  within  1-3  microseconds  following 
this  pulse  (see  below),  and  decomposition  continues  for  the  next  5-10 
Usee  until  the  gas  mixture  is  cooled  by  expansion  behind  a  compression 
wave  which  moves  radially  outward  at  near-sonic  velocity.  The  details 
of  this  heating  and  cooling  are  discussed  below;  it  is  clear,  however, 
that  the  general  behavior  is  illustrated  by  Figure  2,  a  schematic  repre¬ 
sentation  of  the  spatially-averaged  substrate  concentration  as  a  function 
of  time.  The  type  of  concentration-time  behavior  shown  in  Figure  2 
presents  the  choice  of  measuring  either  the  local  concentration  within  the 
laser-heated  region  on  a  real-time  basis,  or  the  average  cell  concen¬ 
tration  on  a  time-averaged  basis.  In  all  of  the  experiments  described 
here,  the  average  concentration  was  measured  gas  chromatographies lly  (FID) 
primarily  because  the  easily  accessible,  very  wide  dynamic  range  of  gc 
enables  precise  measurements  to  be  made  over  a  wide  range  of  fractional 
decomposition.  (In  ongoing  and  future  work,  we  are  combining  the 
capability  for  making  measurements  of  average  concentration  with  molecular 
beam  extraction  and  real-time  mass  spectrometric  detection  of  products, 
as  well  as  real-time  in  situ  optical  detection  using  laser-induced 
fluorescence .) 

On  inspection  of  Figure  2,  it  is  obvious  that  the  maximum  information 
can  be  obtained  from  measurements  of  average  concentration  when  the  rapid 
drop  in  concentration  following  any  individual  laser  shot  is  small  compared 


to  the  overall  change  between  laser-off  and  laser-on  "steady  state  ' 
conditions.  This  is  accomplished  by  adjusting  conditions  so  that  the 
fractional  decomposition  (in  the  heated  volume)  per  laser  shot  is  small, 
and  so  that  there  are  a  significant  number  (e.g.,  25)  of  laser  shots 
during  the  average  flow  lifetime  of  a  substrate  molecule  in  the  reaction 
cell.  Under  these  conditions,  the  algebraic  analysis  is  simplified  if 
complete  mixing  of  the  heated  and  unheated  regions  takes  place  between 
laser  shots.  The  to roidally- shaped  reaction  cell,  shown  in  Figure  1, 
was  designed  so  that  diffusional  processes  would  ensure  that  the  latter 
criterion  is  met. 

Under  the  pseudo-steady-state  conditions  described  above  and  illus¬ 
trated  in  the  right-hand  portion  of  Figure  2,  the  decrease  in  average 
concentration  of  substrate  A  during  any  single  laser  shot  equals  the 
replenishment  (by  flow)  of  A  before  the  next  laser  shot.  This  results, 
as  shown  in  Appendix  A,  in  equation  (1): 


where  k  is  the  first-order  rate  constant  describing  disappearance  of  A, 
is  the  reaction  time  (ca.  10  p,sec)  following  each  laser  pulse,  is 
time  between  laser  pulses  (typically  4  sec)  ,  TF  is  the  flow  lifetime  in 
the  reaction  cell  (typically  200  sec)  ,  V^,  and  are  the  total  and  laser- 
heated  cell  volumes,  respectively,  and  A0  and  Ags  are,  as  indicated  in 
Figure  2,  the  laser-off  and  laser-on  steady  state  substrate  concentrations, 
respectively . 

The  need  to  measure  explicitly  the  temperature  corresponding  to  any 
particular  measurement  of  k  is  eliminated  by  concurrent  determination  of 
the  fractional  decomposition  of  a  temperature  standard,  a  substrate  whose 


Arrhenius  parameters  are  already  well  known.  According  to  equation  (2), 

log  kt  Tr  =  log  Ax  -(l“  log  Tr  ”  lo8  Aa  +  lo8  k2  Tr  (2) 

a  plot  of  log  kt  versus  log  k2  Tr  gives  a  straight  line  of  slope  E,/E2 
and  an  intercept  of  log  At  —  I  1  —  J log  Tr  —  _L  log  A2 .  This  approach 
has  been  extensively  exploited  in  the  comparative  rate  single-pulse 
shock-tube  technique  as  developed  by  Tsang,3  and  commonly  results  in 
measurements  of  activation  energies  with  random  errors  of  S.  0-3  kcal/mole. 
Inspection  of  equation  (2)  reveals  that  uncertainties  in  reaction  time, 

Tr,  will  cause  no  error  in  the  slope  of  the  comparative  rate  plot  (the 
measured  activation  energy)  and  that  the  error  in  the  intercept  (A-factor) 

T 

will  be  given  by  (1  —  Ex/E2  )  log  _£ — Eii£  .  When  E.  and  E,  are  not  greatly 

Tr  est. 

different,  this  error  will  be  insignificant.  For  example,  when  VXSE.2  =  0-9, 
even  a  ten-fold  error  in  Tr  will  result  in  an  error  in  log  Ameag  of  only 
0.1  log  units. 


Ill  PHYSICS  OF  THE  PULSED-LASER  PYROLYSIS  PROCESS 

To  design  experiments  properly  and  to  utilize  pulsed-laser  pyrolysis 
successfully  to  obtain  chemical  information,  one  must  carefully  examine 
the  physical  processes  which  occur.  After,  and  in  fact  during,  the 
vibrational  heating  of  the  SFa  absorber  by  the  C02  laser  radiation, 
vibrational-to-vibrational  energy  transfer  occurs  between  SFa  molecules 
and  the  bath  and  sample  molecules.  After  a  sufficient  number  of  these 
collisions,  vibrational  equilibration  is  attained.  A  degree  of  trans¬ 
lational  and  rotational  heating  will  accompany  this  process,  since  typical 
V-V  transfer  collisions  are  not  resonant .  It  is  possible,  for  some  systems, 
that  full  thermalizatlon  will  await  the  completion  of  slower  V-T  collisions. 
(It  is  even  possible*  for  some  gas  mixtures,  pressures,  and  degrees  of 
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excitation  to  establish  a  steady-state  non-equilibrium  distribution  of 
vibrational  state  populations.)  To  avoid  these  difficulties,  it  Is 
preferable  to  choose  a  bath  gas  with  a  vibrational  mode  near  the  frequency 
of  the  absorbing  SFs  mode  (1000  cm-1) ,  and  with  several  other  frequency 
modes  suitably  spaced.  Ideally,  some  frequencies  should  be  near-multiples 
of  others,  and  the  spacing  of  frequencies  should  roughly  correspond  to  kT 
at  some  early  point  in  the  energy-transfer  process  (420  cm”1  at  600  K) . 

On  the  other  hand,  the  bath  gas  molecule  cannot  be  so  large  that  its  heat 
capacity  overwhelms  the  system  with  the  result  that  only  low  temperatures 
can  be  reached.  These  conditions  have  led  to  our  choice  of  small  poly¬ 
atomics,  such  as  S02,  NH3 ,  C0a,  or  CH4 ,  as  the  bath  gas. 

It  is  difficult  to  estimate  the  time  required  for  V-V  equilibration, 
or  for  thermalization ,  since  we  are  purposely  dealing  with  higher  tem¬ 
peratures  and  more  complex  mixtures  than  most  previous  studies  of  these 
processes.4  At  typical  pressures  of  100  torr,  the  gas  kinetic  collision 
frequency  is  roughly  one  per  nanosecond.  Since  the  pulsed-laser  pyrolysis 
reaction  time  is  roughly  10  M>s,2e  we  require  equilibration  in  ipjfcroximately 
1  or  1000  collisions.  Using  a  fast  V-V  rate  for  near-resonant  processes 
of  one  per  100  collisions,  this  would  require  equilibration  in  ten  energy 
transfer  steps.  However,  since  most  V-V  measurements  have  been  made  at 
lower  temperatures  and  lower  degrees  of  excitation,  the  rates  pertinent 
to  pulsed-laser  pyrolysis  could  well  be  much  faster.  Some  infrared  fluor¬ 
escence  evidence  to  be  presented  later  indicates  sufficiently  rapid 
equilibration  does  take  place.  The  ultimate  test,  of  course,  lies  in  the 
ability  to  obtain  relative  decomposition  yields  for  various  substances  in 
accord  with  their  known  kinetic  parameters  (see  Section  IV) .  The  speed 
of  energy  transfer  may  place  an  upper  limit  on  the  useful  temperatures 
attainable  by  this  method. 
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Once  rapid  thermalization  takes  place,  the  gas  cell  contains  a 
heated  cylinder  of  gas  ' temperature  T*)  surrounded  by  the  cooler  gas  (T0) , 
at  the  same  density.  Since  the  heated  gas  is  now  at  a  higher  pressure, 
an  acoustic  compression  wave  now  proceeds  outward  through  the  cool  gas. 

The  volume  occupied  by  the  heated  gas  expands,  and  the  density  and 
pressure  fall,  until  the  pressures  on  either  side  of  the  heated-gas-cold- 
gas  interface  are  equal.  This  work  is  accomplished  by  a  concurrent 
cooling  (or  rarefaction)  wave  propagating  back  to  the  center  of  the 
heated  region.  This  cooling  effectively  quenches  all  but  low  activation 
energy  reactions.  If,  however,  the  acoustic  wave  which  continues  outward 
through  the  cool  gas  (heating  it  very  slightly)  is  allowed  to  reflect  off 
the  cell  walls,  it  may  return  to  reheat  the  heated  regionze  to  reactive 
temperatures.  We  have  utilized  two  strategies  to  avoid  this  complication. 
If  the  heated  volume  and  the  cell  volume  are  not  concentric,  the  reflected 
waves  return  at  differiw<  times,  shapes,  and  strengths,  and  do  not  con¬ 
structively  reheat  the  sample. ae  The  experiments  described  later  in  this 
paper  use  a  thin  irradiated  region  surrounded  by  a  wide  torus-shaped 
volume  which  serves  to  dissipate  the  acoustic  wave  much  like  a  shock-tube 
dump  tank.-  A  thin  cell  is  used  to  insure  that  the  sample  is  optically 
thin.  Coupled  with  a  rear  mirror,  this  prevents  non-uniform  axial  tem¬ 
peratures  and  longitudinal  acoustic  waves. 

The  remainder  of  this  section  discusses  some  infrared  fluorescence 
experiments  and  some  calculations  pertaining  to  these  acoustic  wave 
phenomena  and  their  implications  for  pulsed-laser  pyrolysis  experiments. 
While  these  waves  are  not,  strictly  speaking,  shock  waves,  traveling 
below  Mach  1,  there  are  still  some  interesting  contrasts  and  analogies 
with  shock  tube  experiments.  While  both  methods  offer  cold  walls, 
similar  cooling  (or  quenching)  mechanisms,  and  similar  comparative 
kinetics  techniques,  the  shock  tube  heats  by  slower  T-V  transfer,  has  a 
somewhat  longer  reaction  time,  has  a  much  lower  duty  cycle,  typically 

8 


•  MRt'  ? *  %-f 


requires  moderate  vapor  pressure  substrates,  and  has  a  greater  complexity. 
However,  it  can  reach  higher  temperatures  at  present. 

A .  Experimental  Diagnostics 

By  adding  5-10  torr  of  a  strong  1R  fluorescer,  such  as  CH4  or  CO, 
to  the  gas  mixture ,  one  can  monitor  the  time  evolution  of  the  temperature 
in  the  heated  region  by  observing  the  emission  intensity  from  V  ^  1  at 
3.3  or  4.6  ^m.  The  single-shot  signal  strength  from  a  suitably  filtered 
1  MHz  bandwidtb  InSb  detector  (Infrared  Associates)  is  proportional  to 
e-hv/kT_  Figure  3  illustrates  the  IR  fluorescence  from  00  using  S02  bath 
gas  and  off-axis  irradiation.  We  have  previously  reported  some  of  these 
results. 2e  Some  minor  reheating  effects  of  residual  radial  acoustic  wave 
reflections  are  still  evident.  Rapid  heating,  within  3  ps,  is  observed, 
although  CO  is  not  particularly  fast  for  vibrational  energy  transfer. 
Cooling  is  observed  in  roughly  10  ns.  A  peak  temperature  of  —  1000  K  is 
estimated  from  measurements  of  absorbed  laser  energy  and  the  known  heat 
capacity  data.  The  IR  fluorescence  then  indicates  cooling  to  740  K. 

Further  cooling  then  occurs  by  thermal  conductivity  and  diffusion  to  the 
cool  gas  and  eventually  the  cell  walls,  at  an  initial  rate  measured  from 
the  long-term  decline  of  the  IR  signal  of  ~  0.4  K/^s.  (A  crude  estimate 
from  transport  theory  is  1.4  K/y,s.)  Under  these  conditions,  for  a 
reaction  rate  constant  of  log  k  *  14.0  —  50.0/9  (9  »  2.303  RT  in  kcal/mole), 
98%  of  the  reaction  occurs  at  1000  K. 

We  have  recently  begun  development  of  a  new  laser-based  diagnostic 
for  pulsed-laser  pyrolysis  which  will  furnish  both  temperature  measure¬ 
ments  and  kinetic  data.5  Using  laser-induced  fluorescence  of  OH  for  two 
separate  rotational  lines  of  the  A-X  transition,  both  the  temperature  and 
relative  OH  densities  can  be  measured.  Pulsed-laser  pyrolysis  of  H202  is 
the  OH  source,  and  time-resolved  data  are  obtained  by  varying  the  delay 
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between  the  C02  laser  and  the  pulsed  UV  dye  probe  laser.  Equilibrium 
concentrations  of  OH  appear  to  be  maintained  in  the  slowly  cooling  tail 
region  of  Figure  3.  By  adding  CH4  and  observing  the  decline  of  OH  with 
time  (10-200  ^s) ,  a  blmolecular  rate  constant  can  be  measured  at  elevated 
temperatures . 

We  are  also  investigating  another  alternate  version  of  the  pulsed- 
laser  pyrolysis  experiment.  If  the  entire  cell  volume  is  irradiated, 
expansion  of  the  heated  region  and  the  concurrent  fast  acoustic  wave 
cooling  are  not  possible.  The  gases  will  remain  at  hot,  reactive  tem¬ 
peratures  for  longer  times,  thus  extending  the  experimental  temperature 
range  of  the  method  to  lower  values  without  requiring  an  excessively 
large  number  of  laser  shots  to  accumulate  reasonable  yields.  Figure  4 
shows  an  infrared  fluorescence  trace  under  approximately  these  conditions. 
The  reaction  time  near  TmgT  has  been  extended  to  30-50  p,s.  Slow,  gradual 
cooling  is  observed,  although  not  as  slow  as  the  long-term  cooling  of 
Figure  3,  since  direct  collisions  with  the  walls  remove  energy  more 
efficiently  than  the  cool  gas  did.  The  advantage  of  cold  unreactlve 
walls  remains.  The  cooling  process,  however,  is  not  sudden,  and 
temperature  gradients  will  exist  in  the  cell,  thus  making  an  analysis  of 
kinetics  more  difficult  for  these  experimental  conditions.  Comparative 
kinetics,  spatially  resolved  diagnostics,  and  calculations  should  provide 
an  indication  of  the  usefulness  of  this  version  of  the  technique.  Prelim¬ 
inary  experiments  a  propyl  chloride  and  ethyl  acetate  are  consistent 
with  the  known  parameters. 

B .  Calculations 

To  obtain  a  clear  picture  of  the  effects  of  these  acoustic  waves, 
we  performed  some  calculations  using  the  PUFF  program  at  SRI .  The 
simulated  cell  is  filled  with  100  torr  SO 2  and  has  a  7-cm  diameter.  It 
is  divided  into  14  concentric  ring-shaped  zones  of  ,25-cm  thickness. 


(Zone  1  is  a  .25-cm  radius  cylinder.)  The  first  three  zones  are  "heated' 
from  300  K  to  temperature  T0  in  the  first  1.0  Us  (heated  area  diameter, 
1.5  cm).  Each  calculations!  zone's  boundaries  are  allowed  to  expand  or 
contract  so  the  number  of  molecules  it  contains  remains  constant.  The 
program  then  calculates  the  resulting  gas  dynamics  without  provisions 
for  mass  transport  or  thermal  conductivity  between  the  zones. 


Figure  5  shows  the  time  evolution  of  the  temperatures  in  the  heated 
zones  1-3  at  various  times  after  initial  heating  to  1000  K.  Note  the 
delay  before  the  cooling  wave  reaches  the  Innermost  cell  1;  that  is,  the 
longer  reaction  time.  Cooling  at  any  single  spot  is  probably  more  rapid 
than  shown,  given  the  finite  size  of  the  cells  used  in  the  calculation. 
These  results  indicate  the  correct  model  for  pulsed-laser  pyrolysis  is 
one  whose  reactive  volume  decreases  with  time.  The  average  molecule 
remains  hot  for  8  Us,  and  then  cools  to  a  generally  nonreactive  800  K. 

The  outgoing  acoustic  wave  reflects  and  returns,  however,  at  t  =  240  ^ s 
and  reheats  the  heated  zone  to  temperatures  slightly  above  900  K  for 
25  >is.  For  a  50  heal  activation  energy  reaction,  this  first  reheating 
produces  an  extra  20%  reaction,  with  later  reflections  adding  diminishing 
yields.  Since  this  alters  the  single  kinetic  temperature  feature  of  the 
technique,  such  constructive  reflections  should  be  minimized. 

This  calculated  behavior  is  in  excellent  agreement  with  the  IR-fluor- 
escence  observations  of  Figure  3.  Those  results  showed  an  initial  cooling 
from  ~  1000  K  to  740  K  completed  within  20  M>s.  When  significant  reheating 
is  permitted  by  a  concentric  geometry, ae  the  times  spent  at  the  reheated 
temperature  are  longer  than  the  initial  reaction  time,  as  evidenced  by  the 
greater  widths  of  the  subsequent  IR  peaks.  The  time  scale  for  the 
reheating  is  much  longer  for  the  calculation  than  the  experiment26  (240  m>s 
versus  60  ^s) ,  because  the  cell  diameter  is  larger  (7  cm  versus  3.8  cm). 

As  the  cylindrical  compression  wave  moves  outward,  its  area  increases 
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and  its  velocity  decreases — the  extra  3.2  cm  are  traveled  much  more 
slowly.  The  calculated  initial  velocity  of  the  wave  is  150  m/s,  roughly 
65%  of  the  speed  of  sound.  This  wave  heats  the  Initial  portion  of  cool 
gas  (cell  4)  roughly  20  K. 

As  the  compression  wave  moves  outward,  the  volume  occupied  by  the 
heated  gas  expands.  The  radius  of  the  boundary  between  hot  and  cold  jjas 
(cells  3  and  4)  is  shown  in  Figure  6  as  a  function  of  time.  It  Increases 
from  0.75  cm  to  1.30  cm  in  the  same  time  that  the  heated  gas  Is  cooling 
to  800  K.  The  expansion  can  be  thought  of  as  producing  the  cooling.  The 
density  and  pressure  also  fall  in  this  period.  Figure  7  presents  the 
density  history  of  cells  1-3,  for  completeness.  The  inward-moving,  cooling, 
expansion  wave  "reflects"  off  the  singularity  at  the  center  of  cell  1  and 
proceeds  outward.  This  is  responsible  for  the  two-stage  cooling  observed 
for  cell  3  in  Figure  5.  Note  also  that  cell  1  appears  to  over-cool 
initially,  likely  due  to  the  increased  intensity  of  the  wave  as  its  area 
decreases  on  approaching  the  center.  Once  the  cooling  wave  leaves  cell  3 
(outward-bound) ,  all  areas  of  the  heated  region  remain  in  the  same  state, 
at  least  until  any  reflected  waves  return.  At  the  boundary  between  cell 
3  (hot)  and  cell  4  (cold) ,  the  pressures  are  equal  at  90  torr.  (Since  the 
cells  are  still  at  vastly  different  temperatures,  further  cooling  by 
thermal  conductivity  will  occur  across  the  boundary;  a  compressed  region 
continues  propagating  through  the  cold  gas.)  When  the  reflected  wave 
returns  to  reheat  cells  1-3,  the  pressure  will  rise  to  180  torr,  and  the 
heated  zone  radius  will  drop  to  1.0  cm. 

Similar  behavior  is  seen  for  calculations  with  peak  temperatures  of 
1200  K  and  800  K .  Table  1  summarizes  some  relevant  results.  The  average 
reaction  time  for  a  molecule  before  cooling  varies  little.  The  propor¬ 
tional  cooling  in  the  expansion  is  virtually  identical.  Thus,  temperature, 
as  desired,  is  the  only  significant  variable. 
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IV  ERRORS  RESULTING  FROM  TEMPERATURE  VARIATIONS 
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Variations  in  temperature  as  a  function  of  space  and  time  can  be 
substantial  in  the  LPHP  technique.  For  the  cell  geometry  illustrated  in 
Figure  1,  where  the  laser  beam  is  coincident  with  the  axis  of  what  is 
roughly  a  short  cylindrical  cell,  the  major  variations  will  be  as  follows: 
First,  if  the  laser  beam  has  any  Gaussian  character  whatsoever,  the  tem¬ 
perature  will  decrease  as  one  moves  radially  outward  from  the  cell  axis 
to  the  full  radius  of  the  laser  beam.  Second,  even  if  the  peak  temper¬ 
ature  were  uniform  over  the  entire  heated  volume,  the  reaction  time 
before  the  mixture  is  cooled  by  the  rarefaction  wave  (which  moves  radially 
Inward)  will  range  from  zero  at  the  periphery  of  the  heated  zone  up  to  the 
10  ^sec  transit  time  of  the  acoustic  wave  for  reactants  located  at  the 
cell  axis.  Third,  unless  reflected  acoustic  waves  are  damped,  the  cell 
contents  in  the  originally  heated  region  can  be  reheated  to  temperatures 
100-200  K  below  the  peak  temperature,  often  repeatedly  for  total  reaction 
times  long  relative  to  the  initial  10  period.  Furthermore,  even  with¬ 
out  this  reheating,  reaction  might  be  possible  after  the  acoustic  wave 
cooling  in  the  low  temperature  tall  where  slow  thermal  conductivity 
cooling  occurs . 

All  of  the  above  effects  can  be  minimized  by  suitable  tailoring  of 
the  reaction  system  and  by  measurement  and  deconvolution  of  the  effects 
of  these  temperature  and  time  variations.  The  former  approach  has  been 
taken  to  some  extent  in  the  work  presented  here  and  is  discussed  in 
Section  III.  However,  the  discussion  below  shows  that  the  errors  caused 
by  any  (or  all)  of  these  effects  can  be  readily  limited  by  suitable  choice 
of  temperature  standard  and  limitations  in  fractional  decomposition.  In 
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the  worst  cases,  use  of  a  second  temperature  standard  having  parameters 
which  result  In  a  bracketing  of  the  unknown  can  eliminate  any  significant 
uncertainties  concerning  such  errors. 

A .  Effects  of  Non-Isothermal  Temperature-Time  Distribution 

Possible  errors  resulting  from  a  change  in  temperature  during  the 
course  of  reaction  were  assessed  with  a  model  in  which  an  Isothermal 
"peak"  temperature  period  is  followed  by  an  isothermal  tail  at  AT  °C 
below  the  peak  temperature  (see  Figure  8,  Inset).  These  conditions 
roughly  model  two  possible  non-isothermal  situations:  (1)  reaction  in 
the  heated  region  after  the  initial  acoustic  wave  cooling  (AT  ~  250  K  at 
1200  K)  before  significant  conductive  cooling,  modeled  by  a  constant 
temperature,  T  —  aT,  for  9Tr,  or  (2)  reaction  during  three  successive 
reflected  wave  reheatings  of  duration  3  Tr  (AT  ~  100  K) .  For  each 
substrate  at  each  peak  temperature,  the  ratio  of  the  apparent  rate 
constant  to  the  "true"  rate  constant  is  given  by: 

k  I  -E/RT  w  -E/R(T-aT>|  I  E  / - £2 - U 

apparent  _  ALe  +  be _ J  =  +  I  -  If  ^x(T-AT)  ft  (4) 

k  -E/RT  *  ' 

true  A  e 

where  T  is  the  peak  temperature,  AT  is  the  difference  between  peak  and 
tall  temperatures,  and  b  is  the  ratio  of  the  tail  length  to  the  time  at 
the  peak  temperature.  Since  the  A-factor  has  cancelled  in  equation  (4) 
the  relative  error  due  to  reaction  In  the  tail  depends  only  on  the 
activation  energy  of  the  substrate  in  question.  The  solid  line  in 
Figure  8  shows  the  error  resulting  from  an  unknown  which  has  an  activation 
energy  11.5  kcal/mole  higher  than  the  standard  (Ex  =78,3,  E2  =  66.76) 
and  conditions  which  provide:  (1)  an  isothermal  tall  nine  times  longer 
than  the  peak  temperature  reaction  time,  and  (2)  a  fixed  AT  for  all 
temperatures .  The  error  goes  through  a  maximum  because  when  At  is  low 
there  is  no  tall,  and  when  At  is  high,  there  is  no  reaction  in  the  tall. 
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In  the  case  modeled,  the  maximum  error  from  this  non-isothermal  distri¬ 
bution  is  ~  2  kcal/mole  at  At  =  160°C.  A  physically  more  realistic 
picture  is  one  in  which  the  fractional  decrease  in  temperature  is  constant 
(see  calculations  of  Section  III).  Thus,  when  AT  =  160°  at  1400  K,  AT 
will  be  ~  148°  at  1300  K,  and  the  dashed  line  in  Figure  8  indicates  that 
for  these  values,  the  error  will  be  less  than  half  the  2  kcal/mole 
expected  for  equal  AT  values  of  160°C.  Furthermore,  the  single  point  in 
Figure  3  indicates  that  with  the  expected  proportional  values  of  AT  and 
a  closer  match  between  the  standard  and  unknown  activation  energies 
(E2  —  Et  =  —  5  kcal/mole) ,  the  error  in  Et  would  actually  be  only  ~  —  .3 

kcal/mole.  The  errors  in  the  Arrhenius  A-factor  correspond  roughly  to 

AE 

those  in  the  activation  energy;  that  is,  A  log  A  <jr -  .  Thus,  a 

4.576  T 

derived  activation  energy  which  is  too  low  by  0.3  kcal/mole  would  be 
accompanied  by  a  derived  A-factor  that  is  too  low  by  ~  0.05  log  units. 


B.  Effects  of  Non-isothermal  Temperature-Space  Distribution 


The  effects  of  variations  in  temperature  with  space  were  assessed  by 
modeling  the  system  as  two  equal  coaxial  reaction  volumes,  an  inner  cylinder, 
and  a  lower  temperature  annular  space  (see  inset,  Figure  9).  For  each 
substrate,  the  ratio  of  the  apparent  rate  constant  to  the  true  rate  constant 
is  determined  by  measuring  the  averaged  contents  of  the  reaction  cell  and 
is  given  by: 


apparent 

k 

true,Ta 


In  2  —  In 


-W*'"*)  -(A,.-1®-) 

e  Tr  +  e  1 


-Ej/RTj 


"Fr" 


(5) 


where  Tt  and  T2  are  the  lower  and  higher  temperature  regions.  In  contrast 
to  equation  (4) ,  which  describes  the  ratio  of  the  apparent  to  tfhe  true 
rate  constant  for  reaction  in  a  temperature-time  tail,  there  is  no  cancel¬ 
lation  of  the  A-factor.  In  equation  (5),  it  is  the  absolute  rates  at  the 
two  temperatures  rather  than  the  activation  energy  that  determines  the 
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error  in  rate  constant.  This  is  illustrated  by  Figure  4  in  which  the 
error  in  the  derived  activation  energy  is  plotted  as  a  function  of  the 
temperature  difference  AT  between  the  high  and  low  temperature  regions. 

All  four  plots  are  for  the  same  two  activation  energies:  the  only  difference 
is  in  the  A-factors  and  hence  in  the  absolute  rates  and  observed  fractional 
decompositions.  Plot  (a)  Indicates  that:  (1)  if  the  fractional  decompos¬ 
ition  (per  shot)  is  limited  to  £  —  30%,  the  error  in  E  will  be  £  ~  1  kcal,  and 
(2)  if  the  fractional  decomposition  of  the  standard  (compound  2)  is  less 
than  that  of  the  unknown,  the  temperature  dependence  of  the  unknown  will 
be  under-represented,  and  the  value  of  Et  determined  will  be  too  low. 

Plots  (c)  and  (d)  illustrate  that  if  the  fractional  decomposition  of  the 
standard  is  greater  than  that  of  the  unknown,  the  temperature  dependence 
of  the  unknown  will  be  exaggerated  and  the  value  of  Et  determined  will  be 
too  high.  This  holds  irrespective  of  whether  the  standard  or  the  unknown 
has  the  higher  activation  energy.  As  in  the  case  of  temperature-time 
variations,  an  activation  energy  that  is  too  low  will  be  accompanied  by 
an  A-factor  that  is  too  low. 


C .  Effect  of  Variation  in  Reaction  Time  with  Substrate  Location  in 

the  Reaction  Cell 

The  effect  of  using  an  average  reaction  time  in  a  situation  where 
the  actual  reaction  times  range  from  zero  to  10  ^sec  is  similar  to  the 
effect  of  the  temperature-space  variations  discussed  above.  The  errors 
depend  on  the  absolute  rates  of  the  substrate  and  the  standard  and  not 
upon  their  activation  energies  per  se.  The  cases  modeled  in  section  IV-B 
suggest  this  error  will  be  small  as  long  as  the  fractional  decomposition  . 
is  held  below  —  25%  (per  shot,  at  the  higher  temperature,  averaged  over 
the  entire  reaction  volume) .  Similarly,  an  analytical  treatment  of  this 
source  of  error  indicates  it  can  be  readily  held  to  a  minimum. 


—  -- 
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The  analysis  of  Reference  2e,  assuming  as  the  simplest  case  a  heated 

AT„  -E/RT  A2t„2  -2E/RT 

volume  linearily  decreasing  with  time,  gave  Y  =  ~  e  - e 

where  Y  is  the  single-shot  fractional  decomposition  within  the  heated 
region,  and  t0  is  the  time  required  to  cool  the  entire  heated  volume 
(t  =  2th) .  On  the  other  hand,  assuming  the  entire  volume  remains  heated 
for  time  t0/2  gives: 


-ln(l  -  Y) 


A  T  -E/RT 

- "  e 

2 


k(T0/2) 


or 


1  -  Y  = 


e 


-KT0 


/2 


A  power  series  expansion  shows: 

„  _  AT„  -E/RT  A2tq2  -2E/RT 

Y  =  2  e  r~ e 

Except  in  the  limit  of  high  yields  (>10%),  only  the  identical  first  terms 
are  important.  The  25%  difference  in  the  second  term  is  significant  only 
at  very  high  fractional  decompositions  where  reliable  application  of  the 
technique  is  likely  to  be  difficult.  For  a  50  kcal/mole  activation  energy 
reaction,  at  a  yield  of  Y  =  0.18,  the  difference  is  only  4%.  The  error 
introduced  in  a  derived  Ea  by  using  the  imprecise  analysis  would  be  less 
than  0.6  kcal/mole. 


V  RESULTS  AND  DISCUSSION 

A .  Molecular  Elimination  Reactions 

The  absence  of  secondary  reactions  as  a  complicating  factor  generally 
makes  molecular  eliminations  the  first  choice  for  demonstrating  the  cap¬ 
abilities  of  any  technique  used  to  determine  Arrhenius  parameters.  Thus 
our  initial  experiments  were  done  using  substrates  of  this  type  whose 
Arrhenius  parameters  are  well  known.6 
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A  mixture  of  ethyl  acetate,  isopropyl  acetate,  isobutyl  bromide,8 
SFg  and  C02  was  passed  through  the  LPHP  flow  system  shown  in  Figure  1 
and  allowed  to  decompose  at  a  range  of  laser  intensities.  The  temperatures 
in  the  laser  heated  region  ranged  between  950  K  to  1100  K  and  produced 
fractional  decompositions  up  to  45%  per  shot.  Figure  10  shows  the  resulting 
data,  plotted  as  log  ktTr  versus  log  k2Tr.  The  solid  lines  represent  the 
relationships  expected  from  the  values  of  the  Arrhenius  parameters  reported 
in  the  literature.  The  correspondence  between  these  three  lines  and  the 
data  illustrates  that  using  any  one  of  the  three  as  a  comparative  rate 
"standard"  to  determine  the  parameters  of  either  of  the  other  two  as  an 
"unknown"  reproduces  the  literature  parameters  to  within  a  few  percent. 

This  consistency  in  an  over-determined  system  strongly  suggests  that 
the  agreement  of  any  pair  with  the  reported  Arrhenius  parameters  is  not 
fortuitous.  Therefore,  we  conclude  that  (1)  temperature  accommodation 
for  the  three  substrates  is  effectively  identical  and  (2)  the  temperature- 
time-space  variations  discussed  above  in  fact  do  not  introduce  significant 
systematic  error. 

Consideration  of  the  observed  errors  reveals  no  correlation  with 
either  the  difference  in  rates  or  the  difference  in  activation  energies 
of  the  "unknown"  and  standard.  Thus,  it  is  clear  that  systematic  errors 
are  relatively  unimportant  under  these  conditions  and  Arrhenius  parameters 
can  be  determined  with  acceptable  accuracy  even  when  the  range  of  rate 
data  is  only  modest  and  the  fractional  decomposition  ranges  up  to  45%. 

The  data  in  Figure  5,  which  cover  somewhat  '."ss  than  two  orders  of 
magnitude  in  rate,  were  obtained  with  a  Hewlett-Packard  5750  gas  chromat¬ 
ograph.  The  HP  5711  chromatograph  currently  being  used  has  a  higher 
usable  sensitivity  and  will  allow  this  range  to  be  significantly  extended 
and  the  precision  correspondingly  Increased. 
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B .  Radical-forming  Reactions 

Since  the  intended  application  of  LPHP  in  our  laboratories  is  to 
wall-sensitive  radical-forming  reactions,  it  was  also  necessary  to  demon¬ 
strate  that  the  technique  is  practical  in  cases  where  radicals  or  other 
reactive  products  are  formed.  Such  products  can  readily  bring  about  chain 
decomposition  and  other  complicating  secondary  reactions  that  can  dras¬ 
tically  distort  the  decomposition  rate  temperature  dependence.  For  such 
a  demonstration,  we  chose  azoisopropane ,  since  its  decomposition  produces 
simple  radical  products  in  the  temperature  range  of  the  alkyl  acetate 
molecular  elimination  processes  we  had  already  surveyed.7  The  decompos¬ 
ition  of  dialkyl  azo-compounds  has  been  recently  discussed  in  a  thorough 
review  by  Engel,7  where  the  accepted  parameters  for  azoisopropane  (A1P)  are 
given  as  log  k  (sec-1)  =  16.6  —  47.9/2.303  RT . 

Under  LPHP  conditions,  the  reactions  of  azoisopropane  that  must  be 
considered  are: 

^  ^  2  y  +  N2 

v .  ‘  y«  *  w<  -}**,*’{ 

\  /“>  >  ( 

>.  .  -  >*♦"%, 

*>•  “  H 

-b  W 

>•  ‘  >  *  *• 

,ch,  ,  a, 

H-  +  Pht-H  «  H,  +  PhC- 

CHa  ch, 

H-  +  )“N=N-(  -  Ha  +  ^-N=N-(  *  N2  + 

H’  +  1  H2  +  ^-N=N-( 
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Consideration  of  reported  data  on  H-abstraction  reactions8  indicates  that, 
in  the  temperature  range  800  to  1000  K,  neither  reaction  (3)  nor  reaction 
(4)  should  be  competitive  with  reaction  (5)  .9  The  use  of  a  scavenger  to 
remove  H-atoms  is  thus  necessary  and  conditions  must  be  arranged  to  ensure 
that  reaction  (6)  greatly  exceeds  reaction  (7) . 

The  LPHP  technique  was  used,  with  an  excess  of  either  toluene  or 
cumene  as  a  scavenger  and  t-butyl  acetate  as  a  temperature  standard,  to 
measure  the  temperature  dependence  of  azoisopropane  decomposition.  The  data 
are  shown  in  comparative  rate  form  in  Figure  11.  These  data  clearly  show  that 
azolsopropane  decomposition  under  these  conditions  exhibits  a  temperature 
dependence  and  absolute  reaction  rates  that  are  far  too  low  to  be  compatible 
with  the  behavior  anticipated  on  the  basis  of  the  accepted  parameters, 
log  k  =  16 .6  —  47.9/2.303  RT .  However,  the  present  data  are  in  good  agree¬ 
ment  with  the  data  of  Raasperger10  and  of  Gelseler  and  Hoffman.11  In 
Figure  12,  all  reported  data  for  gas-phase  trans-azoisopropane  decom¬ 
position10”1*  are  represented.  The  Internal  temperature  dependence  of 
LPHP  data  is  the  same  as  the  low  temperature  data  of  Ramsperger  and  of 
Geiseler  and  Hoffman,  i.e.,  each  set  extrapolates  very  well  to  the 
other,  covering  a  total  temperature  range  of  500°C.  Of  greater 
significance,  however,  is  the  fact  that  the  LPHP  absolute  rates  are 
an  order  of  magnitude  too  low  to  be  consistent  with  parameters  of  1018,8 
sec-1  and  47.9  kcal/mole.  Measured  absolute  rates  that  are  too  low 
by  an  order  of  magnitude  could  reasonably  be  explained  under  our 
conditions  only  by  secondary  reactions  which  consume  ~  90%  of 
the  initial  products.  This  possibility  is  highly  unlikely,  since 
the  data  shown  in  Figure  11  Include  a  change  in  scavenger  from  toluene 
to  cumene  and  an  increase  in  the  amount  of  scavenger  to  a  thousand-fold 
excess  over  azolsopropane.  At  this  level  of  scavenger,  secondary  products 
(including  di-isopropyl)  were  not  detectable  (^0.2%  of  propylene). 
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Furthermore,  although  small  flow  variations  and  low  fractional  decompos¬ 
ition  typically  make  an  exact  mass  balance  difficult  to  establish,  the 
total  products  never  leave  more  than  15%  of  the  decomposed  starting 
material  unaccounted  for. 

In  addition,  rates  that  are  low  by  an  order  of  magnitude  cannot  be 
the  result  of  A1P  decomposition  being  in  the  falloff.  RRK  estimates 
indicate  that  even  if  the  correct  Arrhenius  parameters  were  log  k  = 

16.6  —  47/2.3  RT,  AIP  decomposition  under  LPHP  conditions  at  the  upper 
end  of  the  temperature  range  utilized  (~  1000  K)  would  be  in  the  fall off 
by  less  than  20%  (i.e.,  k/k  as  .82).  For  any  set  of  parameters  with  a 

CP 

lower  A-factor,  the  decomposition  will  be  less  in  the  falloff,  such  that 

for  log  k  =  13.9  -  40.7/2.3  RT ,  kA  £  0.96.  Over  the  range  900  to  1000  K 

00 

the  maximum  tilting  of  an  Arrhenius  plot  that  would  result  from  falloff 
associated  with  these  lower  parameters  would  be  0.6%,  and  would  result  in 
an  apparent  lowering  of  the  temperature  dependence  by  an  almost  insignif¬ 
icant  0.2  kca 1/mole. 

Thus,  the  LPHP  data  make  the  conclusion  all  but  inescapable  that  the 
thermal  decomposition  of  azoisopropane  is  correctly  described  by  Arrhenius 
parameters  in  the  range  of  io13 -7S  sec-1  and  40.9  kcal/mole.  The  unequiv¬ 
ocal  nature  of  these  LPHP  data  notwithstanding,  similar  measurements  in 
another  radical-forming  reaction  in  which  the  "well  known"  Arrhenius 
parameters  are  reproduced  are  desirable.  Such  measurements  are 
planned  using  t-butyl  nitrite  as  a  substrate. 

Since  an  A-factor  of  <  10l*  sec-1  at  900  K  means  that  As0*  <1.3  e.u., 
we  conclude  as  well  that  the  mechanism  of  decomposition,  at  least  for  azo- 
isopropane,  does  not  Involve  the  scission  of  only  one  bond,  but  probably 
involves  the  more  extensive  reorganization  associated  with  simultaneous 
loss  of  both  alkyl  groups.  Simultaneous  cleavage  of  two  bonds  would  not 
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appear  to  be  supported  by  the  high  A-factors  that  have  been  reported 


I2atb,x3 

for  2, 2- azoisobutane  (log  Aa„_  =  16.56  +  0.71;  one  a,  six  studies). 
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The  decomposition  of  this  azoalkane  (A1B)  is  least  subject  to  secondary 
reactions  and  has  provided  various  investigators  with  the  most  consistent 
sets  of  Arrhenius  parameters.  However,  simultaneous  cleavage  is  entirely 
consistent  with  other  studies  of  azoalkane  decomposition  in  which  first 
one  and  then  the  other  alkyl  group  is  made  more  hindered  and/or  capable 
of  producing  a  more  stable  alkyl  radical.14  The  implications  of  these 
studies  have  sometimes  been  obscured  by  attempts  to  use  differences  in 
experimental  activation  energies  as  the  indicator  of  the  effects  of  sub¬ 
stitution,  but  as  Engel  points  out,7  simple  comparison  of  relative  rates 
(AAG0*)  makes  it  very  difficult  to  avoid  the  conclusion  that  the  rate  is 
Increased  by  changes  that  increase  the  relative  stability  of  not  just  one, 
but  of  both  the  Incipient  radicals.  Thus,  the  effect  of  sequential  alkyl 
substitution  suggests  that  both  radicals  must  be  partially  (though  not 
necessarily  equally)  formed  in  the  transition  state. 

A  re-examination  of  the  kinetic  studies  of  AIP  and  AIB  decomposition 
in  which  high  A-factors  have  been  reported13  did  not,  in  most  cases, 
reveal  any  compelling  basis  for  rejecting  the  stated  parameters.  However, 
cases  where  unanticipated  systematic  errors  make  the  actual  errors  in 
Arrhenius  parameter  measurements  far  exceed  the  random  errors  are  as  much 
the  rule  as  the  exception.  Therefore,  in  our  judgement,  the  most  probable 
parameters  for  AIP  decomposition  are  given  by  a  line  drawn  through  the 
low  temperature  data  and  the  high  temperature  U?HP  data  at  the  mid-point 
of  their  respective  temperature  ranges.  This  results  in  1013 '*  sec-1  and 
41.2  kcal/mole,  essentially  indistinguishable  from  the  1013 *•  sec”1  and 
40.0  kcal/mole  provided  by  the  LfHP  data  themselves. 

Having  concluded  that  the  present  data  in  all  probability  rule  out 
the  alternative  high  Arrhenius  parameters,  it  is  nevertheless  informative 
to  consider  the  implications  of  the  opposite  conclusion.  If  the  operative 
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mechanism  for  AIP  decomposition  were  sequential  bond  scission,  then  the 
activation  energy  (48  kcal/mole)  corresponding  to  a  high  A-factor  (i.e., 
to  1018  *8  sec”1)  would  be  correct  and  would  roughly  equal  the  bond  dissoc¬ 
iation  energy  in  iPrN=N-iPr.  By  comparison  with  the  analogous  C-C  bond 
in  lPrCH=CH-iPr  at  95  kcal/mole,  this  bond  is  47  kcal/mole  weaker  than 

what  one  would  expect  for  a  bond  between  an  i-propyl  group  and  a  "normal" 

•  •  •• 

sp2  center.  By  this  operational  definition,  the  RN=N*  radical  exhibits 
a  very  large  resonance  stabilization  energy.  The  question  is,  Is  this 
reasonable,  given  that  the  contributing  structure  pictured  as  being 
responsible  for  the  stabilization  (RNsN)  has  one  electron  in  an  anti-bonding 
orbital.  The  considerations  below  suggest  at  least  that  It  is  not  unreasonable 
and  therefore  that  a  48  kcal/mole  bond  strength  could  not  have  been  ruled  out 
on  an  a  priori  basis. 

Let  us  consider  bond  strengths  in  the  series  H2C=CH-H,  H-CHO,  and 

HN=N-H  as  being  related  to  what  we  will  call  "pseudo"  TT-bond  strengths 

in  acetylene,  carbon  monoxide,  and  nitrogen.  The  pseudo-ff-bond 

strengths  are  defined  as  the  energy  released  by  formation  of  the  triple 

•  •  •  ••  •  • 

bond  from  the  canonical,  non-interacting  forms,  HC=CH,  0=0,  and  : N=N :  . 

The  heats  of  formation  of  these  hypothetical  structures  are  derived  by  assum¬ 
ing  that  scission  of  all  bonds  X-H,  where  X  is  an  sp2  hybridized  carbon,  nitrogen, 
or  oxygen,  costs  110  kcal/mole  if  interaction  with  unpaired  or  unshared 
pairs  of  electrons  on  adjacent  atoms  is  precluded.  This  assumption  is  realized, 
of  course,  only  for  the  first  C-H  bond  in  ethylene,  from  which  the  value  110 
kcal/mole  is  derived.18  This  definition,  together  with  measured  heats  of 
formation  for  the  triply  bonded  species  and  their  hydrogenated  forms,18*17 
results  in  pseudo-rr-bond  strengths  for  HC*CH,  C»0,  and  N*N  of  74,  116, 
and  166  kcal/mole,  respectively.  Linear  extrapolation  of  the  assumed 
correlation  between  measured  H2C«CH-H  and  H-CHO  bond  strengths  and 
pseudo-fr-bond  energy  leads  to  an  estimated  HNa~H  bond  strength  in  di~ 
lmide  of  62  kcal/mole.  Since  the  lPrCH«CH-tPr  bond  is  known18 
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to  be  15  kcal/mole  weaker  than  the  lPrCH=C-H  bond,  a  reasonable  expec¬ 
tation  for  iPrN=N-iPr  would  then  be  62  —  15  =  47  kcal/mole,  exactly 
what  a  sequential-bond-scission  interpretation  of  the  low  temperature 
AIP  decomposition  data  would  suggest.  This  is  in  good  agreement  with 
the  bond  strength  derived  from  appearance  potential  measurements17  and 
theoretical  calculations18  of  the  heat  of  HN2 •  decomposition.  Since 
these  estimations  and  calculations  could  easily  be  in  error  by  ±  15 
kcal/mole,  existing  thermochemical  data  would  not  allow  us  to  state 
a  priori  that  a  47  kcal/mole  resonance  stabilization  energy  is 
unrealistic  for  the  RN=N •  radical.  Thus,  existing  data  would  suggest 
a  one-bond  scission  pathway  may  not  be  much  less  favored  for  AIP  than 
the  simultaneous  bond  scission  pathway  that  the  present  LPHP  data 
Indicate  is  operative  for  AIP. 

On  the  other  hand,  known  thermochemical  data  also  indicate  that 
synchronous  bond  cleavage  might  have  been  expected.  Recent 
measurements  of  the  heat  of  formation  of  trans-azoisopropane7  reveal 
that  the  overall  reaction 

!PrN=NiPr  -  N,  +  2iPr- 

is  endothermic  by  26  kcal/mole.  This  is  2.  kcal/mole  less  than  a 
sequential  bond  scission  Interpretation  of  AIP  decomposition  data  would  in¬ 
dicate  for  the  iPrN=N-iPr  bond  strength-  The  decomposition  of  the 
Intermediate  radical  iPrN=N-  would  then  have  to  be  22  kcal/mole  exothermic. 
While  this  exothermlclty  does  not  make  sequential  decomposition 
unreasonable  ,  it  does  illustrate  the  substantial  driving  force  that  exists 
for  formation  of  the  N«N  bond-  It  also  suggests  that  synchronous  cleavage 
of  the  two  N-alkyl  bonds  could  result  in  a  pati>*ay  that  benefits 
from  the  strength  of  the  second  rr-bond  and  circumvents  the  need  to  go  all 
the  way  over  an  extra  22  kcal/mole  "hill". 
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These  considerations,  in  combination  with  the  LPHP  results,  are 
consistent  with  Engel's  generalization7  that  symmetrical  azo  compounds 
appear  to  decompose  by  way  of  a  synchronous  bond  scission  pathway,  but 
that  little  assymmetry  is  required  (in  terms  of  differing  R’  and  R*  ' 
stability)  before  the  one-bond  scission  pathway  is  favored.  Current 
efforts1*  to  provide  improved,  ab-initio  calculations  of  bond  strengths 
in  di-lmide  structures,  as  well  as  planned  LPHP  studies  of  azoisobutane 
decomposition,  may  help  to  further  clarify  the  azo  compound  decomposition 
picture. 
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Appendix 


DERIVATION  OF  THE  EXPRESSION 
FOR  THE  REACTION  RATE  CONSTANT  AS  A  FUNCTION 
OF  THE  OBSERVED  STEADY-STATE  FRACTIONAL  DECOMPOSITION 


If  Agg  is  the  concentration  of  the  substrate  at  steady  state  just 
before  any  Individual  laser  shot  (l.e.,  the  top  of  the  sawtooth  pattern 
in  Figure  2) ,  then  the  decrease  In  average  concentration  during  any  single 
laser  shot  (at  steady  state)  Is  given  by: 


where  Tr  Is  the  reaction  time  following  each  laser  pulse,  and  VT  and  VR 
are  the  total  and  laser-heated  volumes,  respectively.  The  total  (accum¬ 
ulated)  decrease  from  A0  ,  the  laser-off  steady-state  concentration ,  to  the 
concentration  established  immediately  following  any  single  "steady-state" 


laser  pulse  Is  given  by: 


(A)„  —  Ags 


£(*-  •'"-)]  lA'2 


The  replenishment,  by  flow,  which  takes  place  before  the  next  laser  shot 
Is  then  givbn  by  the  total  net  loss  multiplied  by  a  term  describing  the 
fractional  replenishment:  -t 

Ao  "  As3  [l  "  ^  (l  -  e-kTr)]j(l  -  e"VTF  )  (A-3) 

where  T  Is  the  tine  between  laser  pulses  (typically  4  sec) ,  and  Tj.  Is 

V 

the  flow  lifetime  In  the  reaction  cell  (typically  200  sec)  .  At  "steady 
state"  the  decrease  following  any  single  laser  shot  equals  the  replenish¬ 
ment  before  the  next  shot.  This  results  in  equation  (A-4) : 


Rearranging  and  taking  the  logarithm  of  both  sides  results  in  equation 


k  T  r  =  -m 


x_(Aa (Ll - 
\ass  ;Vr  /  _T 


1  _  e-T4/TF 


Under  typical  conditions,  when  the  values  of  Tr,  t^,  and  TF  are  10  >*sec , 
4  sec,  and  200  sec,  respectively,  equation  (A-4)  is  satisfactorily 


approximated  by: 


r'~ 


Although  equations  (A-S)  and  (A-6)  result  from  the  definition  of  Agg 
as  the  concentration  just  before  any  individual  laser  shot,  gc  analysis 
actually  provides  a  value  somewhere  in  between  the  top  and  the  bottom 
of  the  pattern.  Under  the  conditions  stipulated  above,  the  maximum  error 
which  could  result  from  this  sampling  time  uncertainty  would  be  ~  4%, 
and  the  average  error  would  be  only  ~  2%.  This  would,  in  any  case,  be  a 
random  and  not  a  systematic  error. 
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Table  1 

ACOUSTIC  WAVE  CALCULATIONS 


1 


\ 

f 


I 

1 

i 


T  (K) 

max 

800 

1000 

1200 

T  (K) 

cool 

660 

800 

940 

t  (pis) 

hot 

cell  1 

16 

14 

14 

cell  2 

12 

10 

9.5 

'I 

cell  3 

5 

5 

4 

AVG  <tr) 

8.6 

7.7 

6.8 

V. 

FIGURE  CAPTIONS 


Schematic  of  Laser-Powered  Homogeneous  Pyrolysis  Flow  System 

Schematic  Representation  of  the  Spatially  Averaged  Substrate 
Concentration  as  a  Function  of  Time. 

Time  Evolution  of  CO  Infrared  Fluorescence  for  Off-Axis  IPHP 
Irradiation. 

Time  Evolution  of  CO  Infrared  Fluorescence  for  Irradiation 
of  Entire  Cell  Volume. 

Calculated  Temporal  Temperature  Distributions  for  Three  Concentric 
IPHP-Irradlated  Regions.  Cell  3  is  the  outermost  0.25-cm  wide 
ring. 

Calculated  Boundary  Radius  of  the  Ii>HP-heated  Region  Versus  Time . 

Calculated  Temporal  Density  Distributions  for  Conditions  of 
Figure  5 . 

Calculated  Effect  of  Temperature-Time  Tall  on  Error  In  Derived 
Activation  Energy.  The  calculation  Is  for  an  unknown  and  a  standard 
that  have  actual  activation  energies  Et  and  E3  of  78.3  and  66.76 
kcal/mole,  respectively.  It  Is  based  on  equation  (4)  which  applies 
to  the  simplified  situation  shown  in  the  figure  Inset:  isothermal 
tails  which  are  At2  and  ATg,  °C,  respectively,  below  the  peak 
temperatures  Tt  and  T2  at  the  low  and  high  temperature  extremes 
of  the  Arrhenius  plot  (1300  and  1400  K)  . 

-  ATj  and  ATa  equal  and  variable,  as  Indicated. 

-  AT2  equals  160°C,  AT,  as  Indicated 

A  AT 2  =  (T1/T2)AT2,  AT2  =  160°C . 

Calculated  Effect  of  Non-Isothermal  Temperature-Space  Distribution 
on  Error  In  Derived  Activation  Energy.  The  calculation  is  for  an 
unknown  and  a  standard  that  have  actual  activation  energies  of  60 
and  65  kcal/mole,  respectively.  It  Is  based  on  application  of 
equation  (5)  to  the  simplified  situation  shown  In  the  figure  Inset, 
a  cylindrical  inner,  hotter  volume,  and  an  annular  space  &T  °C 


cooler.  Activation  energy  is  determined  by  a  two-point  plot  over 
the  nominal  temperature  range  800  to  900  K.  For  the  plots  a,b,c, 
and  d,  the  fractional  decomposition  at  900  K  per  shot,  in  the 
heated  region,  for  Compound  1  (unknown)  and  Compound  2  (standard) 
respectively,  are: 

(a)  48%  and  28%;  (b)  72%  and  48%,  (c)  7%  and  48%, 

and  (d)  7%  and  1S%. 

10  Simultaneously  Determined  LPHP  Comparative  Rate  Plots  for 
Molecular  Elimination  Reactions . 

A  i-butylbromide  versus  i-propyi  acetate 
□  i-butylbromide  versus  ethyl  acetate 
o  i -propyl  acetate  versus  ethyl  acetate 

11  LPHP  Comparative  Rate  Data  for  Azoisopropane  and  t-Butyl  Acetate 
Decomposition 

-  w  k  =  16.45  -  47.5/2.303  RT 

AIP 

-  log  k  _  =  13.0  £  .5  -  37.9  ±  1.6/2.303  RT 

AIP 

-  log  RAIp  =  13.6  -  40.0/2.303  RT 

12  Azolsopropane  Decomposition  Rate  as  a  Function  of  Temperature — 
Collected  Data. 

Points  representing  literature  results  are  not  individual  data 
points  but  represent  values  at  the  temperature  extremes  of  the 
respective  Arrhenius  plots. 

Ramsperger,  Reference  10,  log  k  =  13.75  —  40.9/2.303  RT 
Gelseler  and  Hoffman,  Reference  11. 

Geiseler  and  Hoffman,  Reference  11. 

Acs  et  al.,  Reference  12(c). 

McKay  et  al.,  Reference  12(a). 

Perona  et  al.,  Reference  12(d).  Lines  do  not  represent 
raw  data,  but  VLPP  data  fitted  via  RRXM  falloff  estimates, 
to  either  log  k  =  16 .6  —  47.9/2.303  RT ,  or 
log  k  *  13.75  -  40.9/2.303  RT 

IPHP  data;, this  work,  log  k  ■  13 .6  -  40.0/2.303  RT 
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